Abstract. Atmospheric free radicals hydroxyl and hydroperoxyl (OH and HO2, collectively HOx) are the catalysts that cause secondary or photochemical air pollution. Chemical mechanisms for oxidant and acid formation, on which expensive air pollution control strategies are based, must accurately predict these radical concentrations. We have used the fluorescence assay with gas expansion (FAGE) technique to carry out the first simultaneous, in situ measurements of these two radicals in highly polluted air during the Los Angeles Free Radical Experiment. A complete suite of ancillary measurements was also made, including speciated hydrocarbons, carbon monoxide, aldehydes, nitric oxide, nitrogen dioxide, and ozone along with meteorological parameters. Using this suite of measurements, we tested the ability of a lumped chemical mechanism to accurately predict radical concentrations in polluted air. Comparison of model predictions with measured radical concentrations revealed generally good agreement for OH early and late in the day, including the early evening hours, when OH persisted at low concentrations after dark. During midday, however, modeled [OH] was high by about 50%. Agreement for HO 2 was quite good in the early morning hours, but model-calculated HO 2 concentrations were significantly too high during midday. When we used our measured HO 2 concentrations as model input, agreement between calculated and measured OH concentrations was improved. It seems likely that (1) the model's HOx sources are too large, (2) there are unaccounted HO• loss processes in Los Angeles air, and/or (3) the complex parameterization of RO2/HO 2 radical chemistry in the reaction mechanism does not adequately describe the behavior of these radicals in the Los Angeles atmosphere.
Introduction
Hydroxyl OH and hydroperoxyl HO 2 radicals collectively play a catalytic role in tropospheric photochemistry. This catalysis results in the formation of ozone and other deleterious oxidants, acids, and fine particles in polluted areas. A thorough understanding of this role is necessary for efficient, cost-effective pollution control. Current understanding is incorporated into chemical mechanisms [Lurmann et al., 1987; Stockwell et al., 1990; Carter, 1990] , which necessarily must be lumped or parameterized owing to the presence of more than 100 reactive hydrocarbons in polluted air. Pathways for HOx (OH + HO2) radical generation include photolysis of nitrous acid, ozone, and aldehydes and the reactions of ozone with alkenes. abandoned gravel quarry due east of Harvey Mudd College and at the foot of the San Gabriel Mountains. This is an excellent downwind site, without sizable nearby emissions and with regular midmorning through evening westerly winds to ensure good mixing of the air mass reaching the instruments. Unfortunately, lack of running water for laser cooling and several power outages limited the amount of high-quality data. Nevertheless, an excellent data set was obtained over a continuous 3-day period.
The California Air Resources Board (CARB) supported ancillary measurements at the site, yielding an extensive data set that allows direct comparison of measured radical concentrations with photochemical models. These are the first direct observations of OH and HO2 in the Los Angeles basin, and the most extensive supporting data set ever obtained in polluted air.
OH and HO: Measurement
Hydroxyl and hydroperoxyl measurements were made with the fluorescence assay with gas expansion (FAGE3) instrument [Chan et al., 1990 ] adapted to our mobile laboratory. A complete description of the mobile laboratory FAGE3 setup is given elsewhere [Hard et al., 1995] , so an abbreviated description of the field instrument is provided here.
Fluorescence assay with gas expansion (FAGE), [Hard et al., 1984] 
Calibration of OH and HO2
A complete description of the absolute calibration procedure for OH is given by Hard et al. [1995] . A continuously stirred tank reactor (CSTR) constructed of Teflon film is placed over the ambient sampling nozzles. Hydroxyl radical concentrations are maintained within the black-light-illuminated CSTR by the addition of a hydrocarbon (mesitylene, C9Hn) and NO to a flow of humidified zero air. The steady state concentration of OH present in the CSTR can be determined by measuring the consumption of mesitylene during its residence time in the CSTR. Since the only significant agent in the CSTR for consuming mesitylene is the hydroxyl radical, a simple steady state treatment gives The HNO 4 interference is proportional to ambient NO2, which governs the ambient HNO4/HO2 ratio, and to the rate of dissociation of HNO4 during its brief exposure to low pressure in the FAGE probe. For our 1993 conditions, plus a conservatively high ambient NO2 of 200 ppb, the calculated HO• interference from ambient HNO4 was less than 0.2% of the signal from ambient HO2.
Results

Description of Data
Measurements were carried out in late September, which typically coincides with the highest ozone levels in the Los Angeles basin; the U.S. National Ambient Air Quality Standard (pre-i 997) was exceeded by more than a factor of 2 during the period Septem- The situation on September 25 (Figure 11 ) is similar. Agreement for measured and calculated OH (Figure 1 l a) is generally good, although calculated midday OH is high, and the model does not reproduce the late evening persistence of OH. The difference in evening OH between September 24 and 25 may be due to the much higher evening NO concentrations on September 24. As on September 24, agreement between measured and modeled HO2 is good in the early daylight hours but diverges in midday. Calculated HO2 passes through agreement around 1600 LT before diverging in the evening with calculated HO2 much lower than measured. In Figure 11 c we again use the measured HO2 concentrations as model inputs and obtain significant improvement in agreement between measured and modeled OH during midday and also in the evening hours.
As stated above, the systematic errors are 18-27% and 18% for HO2 and OH, respectively, in addition to an overall 28% random error for both measurements. After correcting the OH model calculation with our measured HO2 concentrations, there is no evidence for systematic disagreement between measured and modeled OH values within our systematic uncertainty. However, there is significant variance between measured and modeled HO2 concentrations that cannot be explained by systematic errors because the discrepancy varies greatly at different times of the experiment. Furthermore, the estimate of random error for HO2 is Figures 12 and 13) , while the lumped RO2R + NO -• NO2 + HO2 dominates HO2 formation. In the CAL mechanism, hydrocarbons are lumped according to their reactivity into about a half dozen different surrogate species. These different surrogates have differing primary atmospheric reactivity, and they generate radical oxidation products with varying yields. All these RO2 species then funnel through the lumped species RO2R to form HO2. It is both an art and a science to develop a realistic simulation of smog photochemistry since so many hydrocarbons (VOCs) and oxygenates (OVOCs) are involved. Hydroxyl reactions with carbon monoxide, VOCs, and carbonyls are the major OH recycling processes. The only significant radical loss process is the OH + NO 2 reaction to form nitric acid. The HO 2 self-reaction to form U202 was always so insignificant at the high measured NO concentrations of the Claremont study that it does not even appear in Figure 13 . The same situation applies for RO2/RO 2 and HO2/RO 2 combination reactions.
According to the CAL mechanism, major radical generation sources (in approximate descending order, Figures 12 and 13) are the photolyses of nitrous acid, ozone, formaldehyde, and dialdehydes and the nonphotolytic ozone/alkene reaction [Paulson and Orlando, 1996] , which dominates after 1600 LT.
Review of OH and HO 2 rates in Figures 12 and 13 indicates that almost all the major OH parents and reaction partners were measured in this study. Nevertheless, significant disagreement During nighttime, HONO accumulates since it is not photolyzed. At sunrise, this accumulated HONO provides a significant OH source up to about noon (Figure 12 ). Long-path (differential absorption spectroscopy (DOAS)) absorption measurements of HONO were made during the study by a CARB contractor. Typical predawn concentrations in the 1-3 ppb range were reported, and reported concentrations declined to zero after sunrise. No measurements of HONO were made during the September 24-26 period. In contrast, the CAL mechanism predicts an accumulation of about 5 ppb HONO by dawn on both days.
Although dicarbonyls have been documented as aromatic hydrocarbon oxidation products in numerous laboratory studies, their existence as gas phase constituents of polluted air is on less firm grounds. The carbonyl analysis did not find any detectable concentrations, although the analysis was not designed to look for them and certainly does not disprove their presence. The CAL mechanism uses three lumped dicarbonyl species: glyoxal, methylglyoxal, and all other dialdehydes. Of these, only the latter two are radical sources.
We have tested the significance of the HONO and dicarbonyl sources by successively removing them from the numerical integration as shown in Figure 14 for September 25. The black curves for OH and HO2 present the "standard" calculation with both sources as predicted by the CAL mechanism. The gray curves have both HONO and dicarbonyl chemistry removed. Significant reduction in calculated OH and HO2 occurs, with the largest change for OH in the morning hours. This is associated with removal of the HONO photolytic source: a model run (not shown) with the dicarbonyl source set to zero is little different from the standard model run for OH up to about 1100 LT. In contrast, after about 1100 LT the removal of the dicarbonyl source accounts for nearly all the differences between the black and gray curves for both OH and HO2.
What do measured radical concentrations say of these modeling scenarios? The picture is clearer with HO2 since its relative noise is less owing to its higher concentration. Up to about 1500 LT, measured HO2 agrees best with model runs that have both sources removed. The dicarbonyl-included scenario fits measured HO2 around 1600 LT well, but predicts [HO2] much lower than measurements the rest of the afternoon and evening, at a time when possible ozone/alkene radical sources would be increasing in relative importance. The situation is less clear with the noisier OH data, and it is difficult to judge which scenario fits measured [OH] best.
Conclusions
Although many atmospheric reactions are well understood, particularly inorganic reactions and the oxidation of lower molecular weight alkanes and alkenes, much of the chemistry for photochemical smog is highly parameterized in air quality models. This is because of large uncertainties in reaction mechanisms for higher molecular weight VOC, especially aromatic and biogenic (terpene) hydrocarbons and also because of the large number of reactions occurring. Although unavoidable, parameterization can obscure true uncertainties in detailed photochemistry. Smog chamber measurements place important constraints on model construction, but uncertainties remain with respect to yields of unmeasured products and to parameterization of HO2/RO2 yields and reactivities. For instance, while the OH concentration in a smog chamber can be calculated from hydrocarbon decay and reaction parameters adjusted to give the correct hydrocarbon profiles, HO2 and RO2 concentrations cannot be separately deduced, since both contribute to ozone accumulation. The major goal in many smog chamber modeling exercises is correct prediction of ozone concentrations, but the number of degrees of freedom in such models allows considerable uncertainty to remain in the details of the chemical processes. Furthermore, wall-influenced processes in smog chambers are of uncertain applicability to the ambient atmosphere.
Radical measurements in polluted air provide a unique test of parameterized photochemical mechanisms since measured OH and HO2 concentrations reach rapid photochemical equilibrium with the surrounding chemical environment and therefore can be compared with predictions of chemical models, eliminating the potentially confounding effects of emissions and transport, while probing smog photochemistry in its native environment. Our radical measurements in Los Angeles indicate that while the CAL model appears to generally reproduce measured OH concentrations (a significant accomplishment), it does not adequately predict the HO2 concentrations. This discrepancy is likely due to (1) incomplete representation of HO2 and RO2 chemistry in the model; (2) overprediction of HONO formation source strength, most important in the morning, and (3) underprediction of the afternoon/evening significance ofthe dicarbonyl-photolysis and/or ozone-alkene radical sources. Of course, there may be additional unquantified radical formation or loss processes at work as well.
This study, the first major radical balance experiment in highly polluted air, has provided much useful information and serves as a model for more in-depth field experiments in the future. Some of the shortcomings of this study that should be addressed in future work include the following: (1) averaging times for VOC and carbonyls significantly shorter than the 4-hour averages employed here; (2) a simpler, more robust, and more quantitative, continuous check on OH and HO2 response during ambient measurements; (3) extension of model calculations to other polluted air mechanisms; (4) simultaneous measurements of aerosol size distribution to address possible heterogeneous processes related to radical production and loss. These considerations will be addressed in future FAGE campaigns.
